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Abstract

Purpose—BOLD fMRI, an important research and clinical tool, depends on relatively greater
transient increases in (cerebral blood flow) rCBF than CMRO2 during neural activity. We
investigated whether reduced resting rCBF in patients with TLE affects BOLD signal during fMRI
language mapping.

Methods—We used [1°0] water PET to measure rCBF, and 3T EPI BOLD fMRI with an
auditory description decision task in 33 patients with temporal lobe epilepsy (16 men; age
33.6+10.6 years; epilepsy onset 14.8+10.6 years; mean duration 18.8+13.2 years; 23 left focus, 10
right focus). Anatomical regions drawn on structural MRI, based on the Wake Forest PickAtlas,
included Wernicke’s area (WA), inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and
hippocampus (HC)]. Laterality indices (L1), and Asymmetry Indices (Al), were calculated on co-
registered fMRI and PET.

Key findings—Twelve patients had mesial temporal sclerosis (7 left), two a tumor or
malformation of cortical development (both left), one a right temporal cyst and 18 normal MRI
(14 left). Decreasing relative left WA CBF correlated with decreased left IFG voxel activation and
decreasing left IFG LI. However, CBF WA Al was not related to left WA voxel activation itself or
WA LI. There was a weak positive correlation between absolute CBF and fMRI activation in left
IFG, right IFG, and left WA. Patients with normal and abnormal MRI did not differ in fMRI
activation or rCBF Al.

Significance—Reduced WA rCBF is associated with reduced fMRI activation in IFG but not
WA itself, suggesting distributed network effects, but not impairment of underlying BOLD
response. Hypoperfusion in TLE does not affect fMRI clinical value.
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Introduction

Methods

Participants

Functional magnetic resonance imaging (fFMRI) is an important procedure for pre-surgical
evaluation of epilepsy patients, particularly for language mapping. The most common
measure used is Blood Oxygen Level Dependent contrast (BOLD) fMRI. BOLD depends on
relatively greater transient increases in regional blood flow (rCBF) than oxygen metabolism
during neural activity, leading to increased oxygenated blood levels in brain regions
activated by a task (Ogawa et al 1990).

Patients with temporal lobe epilepsy (TLE) may have focal cerebral dysfunction associated
with reduced rCBF despite the absence of overt lesions, even after correcting for partial
volume effects due to structural atrophy (Giovacchini et al 2007). The effect of disrupted
rCBF on the BOLD response and its impact on fMRI is unclear. In rats, inhibiting nitric
oxide-mediated neurovascular coupling abolished rCBF and BOLD signal increases during
electrical stimulation, but somatosensory evoked potentials were still detectable, suggesting
that BOLD signal may not reflect neural activity under pathological conditions (Burke and
Buhrle 2006). In man, BOLD signal changes can be affected by CNS tumors (Giussani et al
2010) and arteriovenous malformations (Pouratian et al 2002, Lehericy et al 2002). Altered
BOLD responses may be modulated by perfusion changes in evolving stroke stages (Saur et
al 2006). One report suggested that structural pathology may affect activation during
language fMRI in patients with epilepsy (Wellmer et al 2009).

Although CBF is only one factor influencing BOLD, fMRI results might be affected by
altered blood flow ipsilateral to epileptogenic zones. Reduced CBF might be a risk factor for
a diminished BOLD response, increasing the risk of falsely lateralized language dominance
on fMRI. In a previous study, hypometabolism was a marker for diseased temporal lobe and
language reorganization, but we did not find evidence of impaired blood oxygenation level-
dependent response in hypometabolic cortex (Gaillard et al 2011). However, we were not
able to perform precise regional comparison of PET and fMRI data. Moreover, cerebral
glucose metabolism is not linked as closely to the BOLD response as is CBF. In this study,
we used more rigorous co-registration methods to test the hypothesis that reduced resting
rCBF affects the BOLD signal response during language tasks in patients with TLE.

We studied 33 patients with TLE confirmed by clinical characteristics, ictal video-EEG
monitoring, neurological examination, and an epilepsy imaging protocol including high
resolution structural MRI (Table 1). The cohort represented all TLE patients from 2004 to
2010 who had both fMRI and positron emission tomography (PET) measurement of rCBF as
part of presurgical evaluation for intractable localization-related epilepsy. Patients with
extra-temporal foci, or clear epilepsy etiologies such as metabolic disorders, metastatic
disease, or large structural lesions were excluded.

Twenty-one have had temporal lobectomy. Two had subdural monitoring with deferred
surgery due to concerns about potential cognitive deficits; ten are awaiting further
evaluation.

Patients underwent 3T structural MRI (General Electric, Milwaukee WI), EPI BOLD
language, and [1°0] water PET to measure rCBF. The protocol was approved by the NIH
Division of Intramural Research Combined Neuroscience IRB and patients provided
informed consent before the study.
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Neuroimaging protocol

fMRI—fMRI data were acquired at 3.0 T (General Electric Medical Systems, Milwaukee,
WI1) using EPI blood oxygen level dependent (BOLD) techniques. Acquisition parameters,
paradigm presentation and analysis methods have been described previously (Gaillard et al
2007. We used an Auditory Description Decision Task (ADDT, word definition decision)
with a five block design (30 second hemicycle). During the experimental condition subjects
heard a sentence that described, then named, an object (“a large pink bird is a flamingo”);
70% were correct definitions, 30 % were foils. The control condition was reverse speech
with appended tone identification for 70% of reverse items. After normalization into the
Montreal Neurological Institute (MNI) anatomic atlas, language dominance was established
with a bootstrap method using the LI toolbox adapted for Statistical Parametric Mapping 2
(Wilke and Schmithorst 2006). Regions of interest were based on the Wake Forest Pick
Atlas, and selected because of their functional role in processing language (Berl et al 2010),
including Wernicke’s area (WA) and Broca’s area (Inferior Frontal Gyrus, IFG) as well as
middle frontal gyrus (MFG) and hippocampus (Figure 1). A Laterality Index (LI) was
calculated for each region where LI = (L—R)/(L+R). Left language dominance for each
region was defined as LI > 0.20; atypical language dominance was defined as regional LI <
0.20 (Gaillard et al 2007). Patients were classified as having atypical language dominance
overall when either WA or IFG was right dominant (LI < —0.20), or when both regions were
bilateral (L1 between —0.20 and + 0.20). Regional activation voxel counts were recorded at
individual mean LI threshold levels used in the bootstrap method. Average percent signal
change was calculated at the individual level in left and right WA and IFG to compare
activation magnitude in the task to the control condition.

[150] Water PET—[1°0] Water PET acquisition and analysis have been described
previously (Giovacchini et al 2007). Briefly, [1°0] water PET was performed in the awake
state, in a quiet, dim room with eyes closed and ears occluded. Indwelling radial vein and
artery catheters were inserted before scanning, and the subject’s head was secured in a
thermoplastic facemask fixed to the scanner bed. Following transmission scans, 10mCi
[150] water were injected intravenously. During the scan, continuous arterial blood
sampling was acquired with an automatic blood counter to produce quantitative maps of
CBEF (arterial blood sampling was not obtained from one subject, who was excluded from
analysis of the relation between absolute CBF and fMRI activation). CBF PET images were
processed using MEDx software and normalized to the MNI template using statistical
parametric mapping.. CBF values were determined for regions of interest co-registered and
identical to those used in the fMRI analyses (WA and IFG). A CBF Asymmetry Index, (Al)
was calculated for each region of interest where Al=200*(R—L/L+R), following historical
PET convention. A positive Al indicates relatively decreased left-sided CBF. Thus, laterality
index refers to fMRI and asymmetry index to PET data. In addition, quantitative
measurements of the rate of tissue blood flow in units of milliliters per minute per 100
grams (“quantitative CBF’) was measured in all regions, and compared to previous studies
(Raichle et al 1983, Giovacchini et al 2007), in order to assess further the relationship
between functional activation and blood flow.

Data Analysis

Statistical analysis was performed with SPSS: Edition 12. Descriptive statistics were used to
characterize demographic, seizure-related, fMRI, and CBF variables. The primary analysis
focused on the relationship between rCBF and fMRI activation in frontal and temporal
language regions. Pearson r correlations were calculated to examine this relationship and the
Dunn-Sidak correction (Dunn 1961) was applied to account for multiple comparisons. To
test two independent hypotheses (frontal and temporal effects) on the same data at 0.05
significance level, a more conservative p value of 0.025 instead of 0.05 was determined.
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fMRI variables included extent (number of voxels and L1) and magnitude of activation
(percent signal change). T-tests evaluated the differences between patients with typical and
atypical language dominance, left and right seizure focus, and positive and negative MRI
findings.

Clinical Data

Seventeen women and 16 men participated; mean age was 33.6+10.6 years (range 18-55
years); mean epilepsy onset age was 14.8+10.6 years (range 0.8-40 years); and mean
epilepsy duration was 18.8+13.2 years (range 1-47 years) (Table 1). Twenty-three subjects
had a left and ten a right focus. Twelve patients had mesial temporal sclerosis (MTS) (7 left,
5 right), two a tumor or malformation of cortical development (MCD) (both left). One had a
7-8 mm fluid filled cyst in the right medial temporal lobe, and 18 had a normal MRI (14
left, 4 right). Handedness was established clinically in 20 patients through demonstration of
everyday tasks (i.e., handwriting, eating); 13 had the Edinburgh Handedness Inventory.

Cerebral Blood Flow and Functional Activation

Asymmetry of CBF in the temporal region was related to activation in the frontal area but
not to activation in the temporal area. Relatively lower CBF in left WA (positive CBF WA
Al) was correlated with fewer activated voxels in left IFG (F=5.7; r=—0.40, p=0.02) and
thus, lower language laterality (LI) in left IFG (F=7.1; r=—0.43, p=0.01) (Figure 2)
However, examination of the data suggests there may be two separate populations. For
patients with left temporal foci, a non-significant trend was present (Figure 3). The
relationship was reversed when patients with a left temporal focus alone were examined;
higher left WA CBF correlated with greater extent of Left IFG activation (F=5.37; r=0.45,
p=0.03) The magnitude of activation did not correlate with CBF asymmetry (p >0.10). IFG
CBF asymmetry was not related to functional activation in any region (p>0.10).

Cerebral blood flow values were in the normal range (mean Left WA CBF=59.7+£17.6; mean
Left IFG CBF=62.7+16.3). There was a weak correlation between absolute rCBF and fMRI
activation. Left IFG activation was positively correlated with mean absolute CBF at a trend
level for left IFG (r=0.35, p=0.05), right IFG (r=0.35, p=0.05), and left WA (r=0.33,
p=0.06) but not for right WA (r=0.24, p>0.10). Regional voxel activation in the other
regions (right IFG, left WA, and right WA) was not correlated with quantitative CBF values
in any region (p>0.10).

Impact of language dominance and patient characteristics

Overall, subjects showed left-lateralized language (mean WA LI=0.51+0.42; mean IFG
L1=0.43+0.53) with six (18%) patients having atypical language dominance (L1<0.2). There
was no difference in regional absolute CBF between subjects with typical versus atypical
language dominance (p>0.10).

Seizure Focus: Left vs. Right

Subjects with a left seizure focus showed decreased left language lateralization in IFG
compared to those with a right seizure focus (t=—3.28, p<0.01), with a similar trend in WA
(t=—1.95, p=0.06). Eight of 23 (35%) left seizure focus subjects had atypical language
dominance (two only temporal, four only frontal, two in both regions), compared to no
patients with a right focus (x2=2.89, p=0.09). Regional average percent signal change during
the fMRI task was similar for subjects with a left and right seizure focus (p>0.10).
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CBF reductions ipsilateral to epileptic foci were modest (Table 2). Mean absolute
asymmetries were: IFG 0.06 = 0.04; MFG 0.06 £ 0.05; WA 0.06 * 0.05; hippocampus 0.11
+ 0.07. Subjects with a left seizure focus had decreased left regional cerebral blood flow in
WA (t=2.00, p=0.01) and IFG (t=2.15, p=0.04) compared to subjects with a right focus.
While the right greater than left asymmetry was significant in these areas, the mean absolute
blood flow was similar for both groups in these regions on the left and right (p>0.10).
Subjects with a left compared to right seizure focus did not differ by age, age of onset,
duration of epilepsy, gender, or handedness (p>0.10).

MRI: Normal vs. Lesion

In an analysis of subjects with a normal MRI (n=18) compared to those with a lesion (n=15;
MTS, dysplasia), subjects with a lesion tended to be older (t=4.05, p<0.001) and have longer
epilepsy duration (t=3.11, p<0.01) than those with normal MRI. The two groups had similar
amounts of voxel activation in all measured ROIs and similar regional percent signal change
during the task condition (p>0.10). Subjects with structural lesions and normal MRI did not
differ by age of onset, gender, side of focus, handedness, CBF Al, absolute CBF or fMRI LI
in any region (p>0.10). There was no relation between resection volume in 14 patients and
fMRI LI.

Assessment of Outlier Effects

One subject had L WA and LIFG CBF 3-4 standard deviations higher than the rest of the
sample. This patient was omitted from calculation of absolute CBF results, but not Al, as
their Al was within 1 standard deviation of the overall sample. All other subjects were
within 1.5 SD of the overall distribution. Calculations based on omission of all subjects with
data greater than 1 standard deviation outside the overall range did not change significance
of the results. Six subjects were ’outliers * on the basis of atypical language dominance.
Omitting these, the negative correlation between CBF WA Al and L voxel activation in IFG
still holds. Omitting the two subjects with the highest number of activated voxels activated
in IFG did not affect correlations.

Discussion

Our study shows that reduced rCBF in Wernicke’s area is associated with reduced fMRI
activation in left IFG, but not WA itself, suggesting effects of temporal lobe epilepsy on a
distributed language processing network, but not on the underlying BOLD response. Thus,
regional hypoperfusion in patients with TLE does not impair the value of fMRI for language
localization.

In our study, CBF was reduced only modestly ipsilateral to epileptic foci, consistent with
previous observations (Giovacchini et al 2007). As we used partial volume correction for
cortical atrophy, our results reflect true CBF reduction. Several studies support our finding
that the CBF reductions seen in temporal lobe foci would not be large enough to affect
BOLD signal. Relative left hemisphere CBF reductions associated with altered BOLD
response in patients with stroke were 20% or greater (Bonakdarpour et al 2007, Krainik et al
2005). Modeling studies also suggest that greater CBF reduction would be needed to affect
BOLD signal (Aubert et al 2002). We used PET to assess resting CBF, since we wished to
study the effect of reduced baseline CBF on the potential for activation. Moreover, absolute
CBF increases associated with functional activation are small (Bookheimer et al 1997).
Thus, limitations to brain water permeability would not lead to underestimation of values
(Raichle et al 1983).
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None of our patients had large structural lesions that might have disrupted CBF. As
expected, we found no effect of resection volume, which has only a weak relation to the size
of the pathology or epileptogenic zone, on LI. Some studies in patients with vascular
malformations, large infarcts, or high-grade gliomata suggested that altered rCBF may affect
the BOLD response (Giussani et al 2010, Hou et al 2006). However, studies in patients with
low-grade gliomata showed that tumors in language regions did not alter activation,
suggesting that the CBF component of the BOLD response was unaffected, and that fMRI
language localization was accurate (Thiel et al 1998, Stippich et al 2007, Ruff et al 2008).

Signal artifacts, as well as physiologic alterations, may compromise fMRI, particularly in
patients with high flow lesions (Lehericy et al 2002). Comparison of fMRI with ESM in
patients with vascular lesions found 90-100% sensitivity but lower specificity for eloquent
cortex (Pouratian et al 2002); effects may depend on lesion size and contiguity to language
areas (Lee et al 2010, Cannestra et al 2004). Tumor infiltration, neovascularity,
inflammation, or hemodynamic effects may suggest fMRI language dominance contralateral
to ESM results, probably due to reduced left hemisphere BOLD signal, and apparent
increased prominence of normal homologous right-sided activation in relation to diminished
Left BOLD signal (Ulmer et al 2004).

Acute physiologic alterations could affect BOLD contrast. fMRI performed after a cluster of
left temporal lobe seizures falsely lateralized language cortex in a child (Jayakar et al 2002).
Multiple language tasks revealed no activation over the left temporal lobe despite a normal
neurologic exam at the time of the study. A second fMRI performed two weeks later
activated sites predominantly over the left, which were confirmed by extra-operative
functional language mapping. fMRI may be unreliable after frequent seizures (Jayakar et al
2002).

In a previous study, we found that atypical language dominance was not more common in
patients with structural lesions than those with normal MRI, unless an early left hemispheric
stroke had occurred (Gaillard et al 2007). The structural lesions commonly found in
epilepsy, such as low grade tumors, small malformations of cortical development, and MTS
appear to have little impact on the BOLD response. Patients with seizures due to lesions
such as Rasmussen’s encephalitis, some tumors, porencephaly, or large malformations of
cortical development, but not MTS, focal dysplasia, or gangliogliomata had reduced left
lateralization in Broca’s area but not parieto-temporal regions (Wellmer et al 2009). Three
of 35 children with a variety of structural lesions showed discordant results when fMRI
language lateralization was compared to clinical (mainly ictal or postictal language
disturbance) or ESM data (Anderson et al 2006). An O-15 water PET study of 92 patients
with seizures due to structural lesions (58 had tumors) showed no consistent effects on
laterality indices, compared to controls; patients with both frontal lesions had lower MTG LI
than controls (Tanriverdi et al 2009).

Our study showed that decreased relative left WA rCBF reduced functional activation in
Left IFG, but not WA itself, although two subpopulations may be present, and there was
only a non-significant trend when patients with left temporal foci were considered as a
separate group. Fronto-temporal connections have long been known to subserve language
function. In addition to the arcuate fasiculus pathway connecting IFG and WA, there is a
parallel indirect lateral pathway with an anterior segment connecting IFG with inferior
parietal lobe and posterior segment connecting inferior parietal lobe to WA (Catani et al
2005). Moreover, fronto-temporal-parietal connections including arcuate and superior
longitudinal fasiculus, may vary between Broca’s areas 44 and 45 (Frey et al 2008).
Additional dorsal and ventral pathways probably are present (Friederici et al 2009).
Consistent with these reports, combined studies using ESM and diffusion tensor imaging
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showed good co-localization of language-sensitive grid contacts and arcuate fasiculus; better
agreement in anterior regions suggested a more dispersed posterior network (Diehl et al
2010). Studies using evoked potentials during ESM show bidirectional activation between
frontal and temporal language regions, supporting our finding that IFG activation may be
modulated by WA (Matsumoto et al 2004).

Temporal lobe epilepsy has wide ranging structural and physiologic effects on cortical and
subcortical regions beyond the epileptogenic zone (Meador and Hermann 2010), and on
cognitive function (Gaillard et al 2007, Woermann et al 2003). Left mesial temporal foci,
though remote from neocortical language processing cortex, are associated with altered
temporal neocortical and frontal language laterality (Gaillard et al 2007, Weber et al 2006).
Reduced IFG activation may be related both to impaired input from WA and greater
susceptibility to reorganization and developmental neuroplasticity, with partial language
transfer to right homologues (Berl et al 2010). Frontal regions appear to have a longer
structural and functional brain development trajectory and greater capacity for bilateral
language processing recruitment (Chugani et al 1987, Mbwana et al 2009). Frontal lobe
myelination continues into the early 20s (Paus et al 1999, Gogtay et al 2004). fMRI verbal
fluency data suggest later maturation of anterior than temporal language processing
networks. (Gaillard et al 2000, Holland et al 2001).

In patients with TLE, reduced regional fMRI activation reflects alterations in underlying
language organization. CBF reductions do not impair the underlying BOLD response, or
affect the clinical value of fMRI for language mapping.
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Figure 1.

Co-registered PET and fMRI showing regions chosen for data analysis. Inferior frontal
gyrus (IFG): Yellow; Middle frontal gyrus (MFG): red, Wernicke’s area (BA 21,22,39):
blue; Hippocampus: green
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Temporal CBF Asymmetry and Frontal Langauge Laterality
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Figure 2.

Degree of CBF asymmetry in WA and fMRI language laterality in IFG. Decreasing left
blood flow in WA was correlated with decreasing left lateralization in IFG (F=7.1; r=—0.43,
p=0.01).
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Figure 3.

Degree of CBF asymmetry in WA and fMRI language laterality in IFG for patient with left
temporal foci (F=2.4; r=—0.32, p=0.14)
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ABSOLUTE CBF VALUES

Table 2

Absolute values of mean regional cerebral blood flow

Region Left Focus (n=23) | Right focus (n=9)
Left IFG 60.7 +£13.3 60.7+7.1
Right IFG 62.5+13.8 59.1+6.4
Left MFG 61.2+13.2 60.8 £6.1
Right MFG | 62.1+125 59.8 +8.8
Left WA 56.6 +12.2 58.9+75
Right WA 59.3+12.6 56.7+9.8
Left HF 43.7+9.0 46.8+6.4
Right HF 46.7 £ 9.6 46.1+9.3
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